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Abstract. We discuss in detail the problems involved in 
designing an experiment using cosmic-ray neutrinos to 
measure the y-distribution in neutrino scattering at 2-50 
TeV, which should be capable of demonstrating the existence 
of the V through ice propagator effect on the y-distribution. 

Introduction. The inelastic scattering of neutrinos by nucleoos (V + N-r It + 
lI') has been extensively discussed (I-4). taking into account the fhte mass 
of the intermediate vector boson Wt. The boson waes enters in the propagator. 
so that the expression for the differential ~~~~~-se~tfon may be written (3): 

-G'S2 2 da q(x) + n(x) (1 - YP 
(1) 

dxdy 4"pe\,' (Y-x + s2/ rnpBJ2 

At scceleraror energies. the second term in the denominator parenthesis out- 
ucigbs the first, and the expression simplifies to a simple proportionality to 

But when the c.m. energy approaches the V mass - a fev TeV -the predicted 
seribution. instead of being flat, becomes sharply peaked at lov y values 

(see Pig. 1. from Ref. 4). 

In practice. the measurement of 
the y-distribution in DU?Y\ND requires 
the neasurement of the fraction of the 

't,eu:rino energy imparted to the had- 
=opIc cascsdc - i.e. the inelasticity 
of the collision. At high energies 
tJ,c dominance of low y-values corres- 
ponds to the increasing elasticity of 
the collision - i.e. the transfer of 
m,t of the energy of the neutrlno to 
the PUQ". 

Ihe possibility of making mea- 
NrCTents of the y-distribution in 
lX?'ASD has been discussed for a con- 
siderable tine. and this paper sum- 
vrirer the state of the problem. 
Tar such o measurement to be feasible, 
we need. in addition to freedom from 
axbiguity in the theoretical inter- 
pretation of the data. 

(a) .n odequote rate of obser- 
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vation of events; 
(b,) ability to distinguish true 

Pig.1. The y-distribution for II pure ney- 

svcsts from bnckRround; 
trino beam vith the Wang quark distribu- 
tion. The solid curves are for a boson 

(c) abllify to distineulsh the moss of 80 Cev. the dashed curve for on 
interaction products, muon and hodron- infinite mass. 
ic cascade: and 
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(d) the capability of measuring. vith knovn eccur*cY. the energies of 
both the muon end the hadronic cascade. 

The satisfaction of requirement (a) IS demonstrated in Table I, from 
Ref. 7, vhich Indicates that a year's data are adequate for S highly signifi- 
ce*t result. 

TABLE 1. Expected Precision of Y Determination. Statistics and errors 
of measurement sf the y-distributions expected in one Year of OPeCaLiOn 
of DDmAND (1 Ia ). Event numbers quoted are from the integral spectrum - 
l.c. all events of energy Ey and above. The difference between total 
aad mcssured events includes estimated corrections for fiducial volume. 
unmeasurable eventS for various reasons, etc. 

Ev 
100. of Events Expected syste~rlc Error No. of Std. 

per year R- If v Admixture Total Detiatiens 
TeV 10tai neas. Y>o.~/Y<o.s - 0.1st.075 Error from R-1, 

4 3600 2000 0.720f0.03 to.04 f0.05 6 

10 700 400 0.630*0.06 +0.04 f0.07 6 

The ?Stio R of the upper half to the lower half of the y-distribution is not 
the optimum method for demonstrating the change of shape; a fit to the distri- 
bution vould meke optimum uSe of the data. 

Requirement (b) hSs been studied at some length; DLMAND must provide 
the equivalent of a highly efficient anticoincidence counter over its Surface, 
So that ruons entering rhe array from outside that produce S large energy loss 
in Sn inelastic collision are not confused with neutrino events arising from 
neutral primaries. That this can be done is not in question; but extensiwe 
Monte Carlo calculations will be needed to find what sensor spacing is needed, 
end whist the fiducial volume requirements vi11 b-e. 

Requirement (c) poses no great difficulty until the hadronic cascade en- 
ergy reaches values at which the emission of ooe or more muons from the cas- 
cede (from meSon decay vithin it) becomes probable. According to Joues (14) 
the energy St which the probable number is one is about 100 TeV; and in addi- 
tion the energy of such muons is expected to be much lower than thnt produced 
In the charged-current interaction. These events would appear to have large 
y-values, and S cutoff in y to remove neutral-current interactions is uecessSry 
fn any case. Further Monte Carlo work is needed here. 

Most of our work has been concerned with requirement cd), without vhich 
the other problems ere irrelevant. Extensive Monte Carlo calculations have 
Slready been cerried out (6-9). For concreteness, S fixed standard atrry con- 
figuration. which can eventually be optimized, has been used; it Is the 1978 
Standard Array (10). 

Measurement of Muon Energies in Da - This is possible because et suffi- 
ciently high energies - ca. 2 TeV in water - the radiative energy losses of 
m~0c.6 domluefe. and as a consequence the rote of energy loss becomes propor- 
tional to muon energy, just Ss It is for el~ectrons above the critical energy 
(e.g. g He’? in lead). The problem of eocrw mfasureaent thus becomes the 
problem df measurin(( the rate of &ergy loss. TM6 problem hSs been treated. 
e.g.. by Borog et al. (11). and WC have cerried out extensive Haute Carlo 
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olc~laticns (6) to estimate the fluctuations to be expected, the length of 
oath reauired for a good measurement, and :he limitations on accuracy due to 
the unavoideblc statistical fluctuations in rate of energy 108s. 

Thus. our procedure for muons has been: 

1. Divvide the trajectory into segments 100 raeters long. 
2. Using the anelytical energy-loss expressions of Adair and Kesha (12). 

calculate the energy loss In each IOOm segment, by Uonfe Carlo methods. 
3. Find a suitable algorlchm for estimating the muon energy from the ob- 

served diafribution of energy losses. 
4. Determine the accuracy with vhich such a procedure can find the man 

energy ee e function of muon energy. path length, etc. 

Ihc results of such calculations have been given by Roberts (6). They 
s&we ae the starting-point for the next stage of the calculetions (8). which 
is to simulate the array by a set of sensors of assumed eensitivity (the 1978 
Standard Array (10) is the starting-point),and by passing muons through the 
array at random angles. determine the capabilities of a given array for meas- 
uring the energy end direction of each muon. The energy alone is required for 
the y-distribution; but a measurement of muon direction is crucial to the use 
of DDUAND for observing extraterrestrial neutrinos, since good angular resolu- 
tion allo& point sources to be distinguished from a diffuse beckground. 

The results to date of this work are being reported elsevhere in this 
stssion (8) end are enco&ging. Even the 4O-meter spacing assumed In the 1978 
Scendard Array is adequate for muon energies at a fev TcV and above. and the 
accuracy is adequate for the purposes of determining the y-distribution. 

Wessurement of Hadconic Cascade Energy. - For the estiuatiou of hadronic cab- 
cede energies, ve have to date relied on the fact that hadronic cascades are not 
very different from electromagnetic ones, especially at very high energies. RI+ 
cent Monte Carlo calculations by Jones bear out these aseumpticns (IS). 

Monte Carlo calculafions on hadronic cascades are nov being undertaken by 
Stager et al. (8) and by T. Hiyachi (9). Derailed results are not yet avail- 
able. Hovever. since the sour‘ce functions for light from electromagnetic shovers 
have been determined (17.18). and the propagation functions of the light in sea- 
vater erc likevise knovn (19). the calculstions should pose no difficultties, 
end prel3minsry results seem to verify this. 

Fig. 4 shows the polar diagram of the light to be expected from e l- and 
e l&T&' cascade. What is needed in addition is the Nonte Carlo study of the 
reconstruction of the cascade energy and orientation from the signals received 
by the censor array. 

Treatment of Systematic Errors in the l4easurenent of the y-Distribution. - The 
measurement of the y-distribution involves more thnn just measuring the muon 
and hadron energies. -!gbe cosmic-ray neutrino suecfrum hns an incearal rpec- 
tam shape of the form E-'. vhete Y is variously estimated es lying betveen 
2.5 end 2.8 in the energy ranp,e of interest (2-50 TeV). This steeply falling 
spectrum ten tntroduce e bias into the results (14); this is because errors of 
opposite sign in the energy hove different consequences. If the neurrino energy 
is l stimeted too high, it is introduced into A much smaller population than if 
the energy is too 10". Thim vi11 produce difficultfes only if the effect of the 
incorrect estivration on y is different in the tvo cases; and it turns out that 
it is. It depends also on whether the error is in the hedron or the muon energy. 
Ihesc points have nov been throughly explored by Monte Co?10 cnlculations (7). 



-4- 

I . . - I . . - 
S’cr,-as S’cr,-as .E =2-4TeV .E =2-4TeV 

3000- 3000- 

xx xx 
. F.22 . F-22 

bmaedo bmaedo 
UBmJ5 UBmJ5 

looo- lOOO- 

CoRREcTKH USED CoRREcTKH USED 

? %-p-5 ? %-p-5 b . b . 

x O”‘UP’3 x O”‘UP’3 

Flu. 2. The orrect Ol corrceting tile l rmrr &a- 
uiw in the text. Ma full line 1, the u-s 

fiti. 3. hia fi6w-e is .idlU to IQ. 
2. be. cows. dlst.ritution eonui”~ 

dl*teb.eion: circles Shcu data *or Crrorl oi ws 3% am.i”mltz-i”o.. cp$asr, #hO* “al”(s 
la both hdmn and mw” l nrrgy. bit eorreetcd c~rl-ec~d Win6 tnw ‘nri”*“trind *lap 
l CCOrdirI6ly. cms,er ShQ” the effect Of incerreer- tic,“. 
lY *dimtin meas”Mment era-3r; me trror is 

triaw1er th. effect Of i”cor- 

c0mt.d aa if it WLL-C ., i",Uad Of -5 
=cclr cecimariw ttu Cr~cti~n l S o.rg 
- it. w- in fact 0.22 (a y25 error.) 

which have also covered the question as to hev the failure to distinguish neu- 
trims from anrineytrinos should be corrected for, since ..Ci.eutrir~~S show. 
l peaked ((1 - y) ) distribution. even at low energies. 

The calculstions indicate that both of theae effects cm be properly COT- 
rccted for (see Figs. 2 and 3). providing: 

1. me neutrino energy spectrum is kamm. The range of Y noted above is 
-3.l moush for this to be true. 

2. The accuracy vith which the hadron and muon energies are measured is 
.I*,, kz,owr,. n,lr is the resolution function necessary for deconvolution of the 
data. I,, laboratory experiments the resolution function is frequently deter- 
tined by introducing a line spectrum and observing the apparatue response. In 
DL%%ND an artificial source appears to be impractical; but mturc provides an 
alternative. Ve expect about half the cosmic-ray muon6 to stop within the ar- 
my. Then their energy at each point on their trajectory can be found. sad thus 
we have a cslibration point for minimum-ionizing r~uons with plenty of data. 
Tbia till yield the desired resolution function. 

3. The fraction of the total number of events due to antineutrinos is 
law,,; this vi11 allow their contribution co the y-distribution to be removed. 

The fraction of antineutrinos 1n the cosmic-ray neutrino spectrum is 
rather veil known (16); md the.cioss-section for antineutrino InteractionS is 
.1ao known *t o.x.e1erator energies. The ratio of neutrinos to aarioeutrino8 
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is just over 2, and the anti- 
eeutrino cross-section is 
.bout one-third the neutrino 
cro..-section. so that about 
oec.ixth .s away aotineu- 
trieo intcractfoas are ex- 
pected as neutrino interac- 
tions. The Monte Carlo 
c.lcul.rions (Fig. 3) show 
chst eve* 8s l.rge . . error . . 
302 in .ucb .n estimate ray 
Be toler.ble. 

Calcl".ions. - We hsve omif- 
-ted the effect on our calcu- 
ktio". of such n.tters . . 
.c.li"g viol.tion.. sod ch.n- 
Su la the .s.umptio"s m.de 
wncarnieg the quark Etruc- 
tura function. q and q that 
appear in Eq. (1). These have 
been considered .nd found 
tdqortant by Halprin (4) 
.nd by R.lprin md Oskes (5). 
We conclude that there re- 
uia .o dfffi.culties in prin- 
ciple in carrylap out the 
proposed q e.."renents. The 
reo.iniag problem. are those 
of finding arrsy p.r.meters 
and experimentel designs 
tht .re c.p.ble of making 
the required messureaenta 
rich the portulsted .ccu- 
racy. at a ressonzxble cost. 
In vi- of progress to date. we 
rem.in optlnistic. 

Fig. 6. Polar inteo.ity diagrams of Cerenkov 
light from electmm.sgoetic casc.des of 1 and 
10 IeV. The curve. shov equal-intensisy con- 
tuur* for lntensltles of 200 quanta/m . At- 
tenu.Eion of light in the wster has been ta- 
ken into account, l ssumiag 2Om water. but 
.e.ttering I?.. *ot. 
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